ABSTRACT: The granuloma disease caused by Francisella noatunensis subsp. noatunensis in farmed Atlantic cod has not been successfully treated by use of antibacterials, even when antibacterial resistance testing indicates a sufficient effect. The reason for this treatment failure may be the intracellular existence of the bacteria within immune cells, mainly macrophages. To investigate the effect of antibacterials on intracellular Francisella replication, we established a protocol for the detection of drugs within Atlantic cod immune cells using high-performance liquid chromatography (HPLC). When the uptake and intracellular concentrations of oxolinic acid and flumequine were analysed in isolated adherent head kidney leucocytes (HKLs) by HPLC, we found that uptake was rapid and the intracellular concentrations reflected the extracellular exposure concentrations. To investigate the effect of the antibacterial compounds on intracellular bacterial replication, adherent HKLs experimentally infected with the bacteria were analysed using flow cytometry and intracellular labelling of bacteria by specific antibodies. We found that flumequine did not inhibit intracellular bacterial replication. Unexpectedly, the results indicated that the intracellularly effiacy of the drug was reduced. The HPLC method used proved to be highly applicable for accurate determination of intracellular drug concentrations. When combined with sensitive and specific flow cytometry analyses for identification and measurement of intracellular bacterial replication, we suggest that this approach can be very valuable for the design of antibacterial treatments of intracellular pathogens.
INTRODUCTION
According to statistics provided by the Norwegian Directorate of Fisheries, the production of cultivated Atlantic cod Gadus morhua L. has shown a steady de crease during recent years (www. fiskeridir. no/ statistikk/ akvakultur/ statistikk-for-akvakultur/ andremarine-fiskearter). One of the reasons for this reduction has been the bacterium Francisella noa tu nensis subsp. noatunensis. This bacterium is a facultative intracellular organism that causes francisellosis, a systemic granulomatous inflammatory disease. Francisellosis in Atlantic cod has been diagnosed since 2004 in clinically infected wild Atlantic cod and in Atlantic cod from aquaculture facilities spanning most of the Norwegian coastline from Rogaland to Nordland (Nylund et al. 2006 , Ottem et al. 2008 , Zerihun et al. 2011 . Mortality in farmed Atlantic cod associated with francisellosis varies, but loss of up to 40% of the stock has been registered . Even though this disease has caused severe problems for years, no effective vaccine has been licensed, and no effective treatment with antibacterials has been presented.
Francisella noatunensis subsp. noatunensis has the ability to reside and replicate within Atlantic cod adherent head kidney leucocytes and can inhibit the potent killing mechanism known as respiratory burst (Vestvik et al. 2013) . The existence within immune cells that normally eradicate bacteria shows that the bacterium has potent virulence mechanisms en abling its intracellular existence (Bakkemo et al. 2011 , Furevik et al. 2011 , Vestvik et al. 2013 . The intracellular location of the bacteria will most likely protect them from antibacterial agents with poor penetration into phagocytic cells, and basic knowledge of the concentrations of antibacterial agents within Atlantic cod leucocytes is therefore needed. Furthermore, as antibacterial agents with high in vitro activity can be completely inactive against in tracellular bacteria, exemplified by the amino glyco sides gentamycin and streptomycin (Vosbeck et al. 1984) , it is also important to study the intracellular activity of antibacterials towards F. noatunensis subsp. noatunensis.
In order to make a theoretical assessment of a clinical outcome for an antibacterial agent towards a specific pathogen, data of the pathogen's minimum inhibitory concentration (MIC) values for that particular antibacterial is combined with data from phar macokinetic investigations. Isachsen et al. (2012) found that 30 Norwegian isolates of Francisella noa tunensis subsp. noatunensis were susceptible to only a few of the antibacterials tested, including florfenicol with an in vitro MIC of 0.5 µg ml −1 and flumequine and oxolinic acid, both with an in vitro MIC of 0.25 µg ml −1 . Flumequine and oxolinic acid are both quinolones, bactericides with identical antibacterial mechanisms. Florfenicol, on the other hand, is bacteriostatic. Basic pharmacokinetic data are available for flumequine, oxolinic acid, florfenicol and a com bination of ormetoprim and sulphadimetoxine (Ro met 30 ; Pharmag AS) in Atlantic cod (Hansen & Horsberg 2000 , Samuelsen et al. 2003a ; however, even though leucocytes are present in blood, the organ with the highest density of leucocytes in Atlantic cod is the head kidney, for which no pharmacokinetic data are available. To predict the outcome of therapy for concentrationdependent bactericidal drugs that manifest a significant post-antibacterial effect, like the quinolones, the area under curve from 0−24 h (AUC 24 ) divided by the MIC has been demonstrated to be most appropriate measure (AliAbadi & Lees 2000 , Smith 2008 ). AliAbadi & Lees (2000) suggested an AUC 24 /MIC value greater than 100 and in some cases greater than 250. Isachsen et al. (2012) estimated that an oral dose of 25 mg kg −1 of oxolinic acid would give an AUC 24 / MIC value of 100, indicating efficacy, whereas for oral doses of 15 and 25 mg kg −1 of flumequine, AUC 24 / MIC values of 262 and 276, respectively, were calculated. Therefore, due to the superior AUC 24 / MIC value of flumequine, this drug was chosen for the effect study. Flumequine, oxolinic acid and florfenicol have all proven highly effective in treating infections caused by extracellular bacteria in Atlantic cod (Samuelsen & Bergh 2004 , Vik-Mo et al. 2005 , Seljestokken et al. 2006 , whereas oxolinic acid and florfenicol are at present the 2 most used antibacterials in treating bacterial infections in At lan tic salmon Salmo salar in Norway (statistic from Norwegian Institute of Health, www.fhi.no/).
Here we examined the in vitro uptake of flu mequine and oxolinic acid in adherent head kidney leucocytes (HKLs) of Atlantic cod at 2 concentrations and the effect of flumequine on bacterial cell division inside the HKLs. Furthermore, the head kidney/plas ma ratio of oxolinic acid and flumequine were determined following a single intraperitoneal injection.
MATERIALS AND METHODS

Fish
Healthy, non-vaccinated Atlantic cod Gadus morhua L. (100−200 g) were obtained from Fjord Gadus AS, Norway, and kept in 500 l tanks in the rearing facilities at Bergen High-Technology Centre at a temperature of 8°C, sa linity of 34 ‰ and 24 h light. Water flow was adjusted to maintain > 77% oxygen saturation in the outlet water, and the fish were fed commercial dry feed (Skretting) for marine species. The weight of the fish was used in the experiments was in the range of 240 to 540 g, and the fish showed no signs of infection.
Isolation of leucocytes
Atlantic cod were randomly sampled and killed by a blow to the head. Leucocytes were isolated as previously described for Atlantic cod (Rønneseth et al. 2007) . Briefly, the head kidney (HK; 0.8 to 1.5 g) was removed and placed in 2 ml of Leibovitz L-15+ solution (L-15; Lonza) adjusted to 370 mOsm by adding 5% (v/v) of a solution of 0.41 M NaCl, 0.33 M NaHCO 3, 0.66% (w/v) D-glucose, 10 U ml −1 heparin (Sigma-Aldrich) and 15 mM HEPES. HK cell suspensions were obtained by gently forcing the tissue through a cell strainer of 100 µm (Becton Dickinson/ Falcon) followed by dilution in L-15+ to a total volume of 5 ml. The cell suspensions were placed on discontinuous Percoll gradients (3 ml, 1.070 g ml −1
) overlaid with 2.5 ml (1.050 g ml −1
) and centrifuged at 400 × g (40 min at 4°C). The leucocyte fraction was collected from the interface of the 2 Percoll densities including the downward density layer, and washed by diluting the cell suspension in L-15+ and centrifugation at 200 × g (10 min at 4°C). The cells were resuspended in L-15+ and counted using a CASY Cell Counter TM (Innovatis AG). The viability and aggregation factor for all isolated cell suspensions were determined according to the manufacturer's protocol. HKLs showing viability of 94% or above and a cell aggregation factor below 1.2 were used in the study.
In vitro absorption of flumequine and oxolinic acid by adherent HKLs
Stock solutions of flumequine and oxolinic acid (Norsk Medisinaldepot) were prepared at a concentration of 1.0 mg ml −1 in methanol and stored at −20°C. Working standards were prepared by dilution from the stock solutions in diluted alkali (0.025 M NaOH) or L-15+ medium.
Leucocytes in L-15+ medium (300 µl, 5 × 10 7 cells ml −1 ) were added to a 48-well tissue culture plate (Polystyrene Nunclon Delta Surface, Thermo Fisher Scientific Nunc AS) and sealed with tape (Microseal® B-Film, Bio-Rad Laboratories). After 2 h incubation at 12°C, non-adherent cells were removed and L-15+ medium containing 5% (v/v) foetal bovine serum (FBS; Lonza) was added. The cells were further incubated at 12°C for a total of 24 h followed by removal of media and washing of the adherent cells with L-15 medium. Oxolinic acid and flumequine were diluted in L-15 medium containing 5% FBS to concentrations of 5.0 and 10 µg ml , and 300 µl were added to each well and incubated at 12°C.
The selected drugs and concentrations were based upon pharmacokinetic studies and MIC values of Francisella noatunensis subsp. noatunensis (Isachsen et al. 2012) . During incubation, the wells were covered by sealing tape as described above and wrapped in tinfoil to avoid photo-degradation of the antibacterials. Flumequine and oxolinic acid are weak acids, and the absorption into cells is dependent on the degree of ionization (Burka et al. 1997 ).
The pH in the solutions was therefore measured using an Orion 2 star Benchtop pH meter and in all test wells after incubation using pH-indicator strips (Merck). Six parallel samples were collected at time 0, 0.5, 1, 2 and 4 h post administration. Following sampling, the wells with adherent cells were washed 3 times in L-15+ to remove extracellular flumequine and oxolinic acid. Wells without antibacterial agents served as negative controls. The numbers of adherent cells in controls were 1 × 10 6 per well. For sample preparation, to each well with adherent leucocytes we added 150 µl acetonitrile (Merck) for lysis of the cells followed by 130 µl 0.025 M NaOH, 10 µl ZnCl 2 (10% v/v) and 10 µl internal standard solution (10 µg ml −1 in 0.025 M NaOH solution). After vortexing (MS2 Minishaker, IKA-Werke) for 1 min followed by centrifugation at 14 930 × g for 5 min (Beckman Microfuge® Lite, Beckman Coulter) using a Spin-X Micro Centrifuge filter (0.2 µm; Corning), a clear supernatant was obtained ready for analysis.
Samples of drug-free adherent leucocytes were prepared as described above and analysed to confirm the absence of flumequine and oxolinic acid. Standard curves for flumequine and oxolinic acid in leucocytes covering the range of 1.25 to 10.0 µg ml −1 were prepared in triplicate. Oxolinic acid was used as an internal standard for flumequine and vice versa.
In vivo distribution of flumequine and oxolinic acid
Two groups of 10 Atlantic cod each were administered an intraperitoneal dose of approximately 12.5 mg kg −1 of oxolinic acid and flumequine. The weight of the fish varied from 244 to 540 g, and the seawater temperature was 8°C. The fish were killed by a blow to the head 48 h after medication, and samples of plasma and HK were obtained and kept at −20°C until analysed. Samples of HK were prepared for drug residue analysis following the procedure described by Samuelsen et al. (1999) . Plasma samples (100 µl) were prepared in the same way as the leucocytes (Samuelsen et al. 1999) .
Samples of HK were weighed, homogenized in 1.0 ml of 0.05 M Tris HCl buffer (pH 8.0), amended with 1 ml of acetonitrile containing the internal standard and 30 µl ZnCl 2 (10% v/v), shaken and kept in the dark at 4°C overnight. After centrifugation at 14 930 × g for 5 min in a Spin-X Micro Centrifuge filter (0.2 µm), the samples were ready for analysis. Samples of plasma and HK from 3 unmedicated fish were taken prior to initiation of the study and ana-lysed to confirm the absence of flumequine and oxolinic acid. Standard curves for oxolinic acid and flumequine in the range of 0.1 to 10.0 µg g −1 (ml −1 ) were prepared in triplicate.
High-performance liquid chromatography (HPLC)
Flumequine and oxolinic acid were obtained from Norsk Medisinaldepot. Methanol, acetonitrile, tetrahydrofuran (HPLC-grade) and oxalic acid dihydrate, Tris, HCl, NaOH and ZnSO 4 (pa-grade) were all from Merck.
The concentration of flumequine and oxolinic acid in the samples was determined using HPLC. The HPLC system consisted of a Spectra-Physics SP 8800 ternary HPLC pump connected to a Spectra-Physics SP 8780 X R Autosampler and a Shimadzu RF-535 fluorescence detector operating at an excitation wavelength of 325 nm and an emission wavelength of 360 nm. The detector output was coupled to a computerized data system consisting of a Dionex UCI-50 Universal Chromatography Interface, the program Dionex Chromeleon Version 6.80 (Dionex Softron) and a PP04X Dell computer for storage and integration of the chromatograms. The analytical column was a 150 × 4.6 mm Zorbax SB-C8 3.5 µm (Agilent Technologies) connected to a short C-8 pre-column (10 × 4.6 mm). The column was operated at room temperature. The mobile phase used contained ( 
Bacteria
The Francisella noatunensis subsp. noatunensis strain used in this study (NCMB 14265 T ) was isolated from farmed Atlantic cod (Mikalsen et al. 2007 ) and supplied by Dr. Colquhoun at the National Veterinary Institute, Oslo, Norway. Bacteria were grown as des cribed by Furevik et al. (2011) using Bacto TM Eugon Broth (Becton-Dickson) containing 2 mM FeCl 3 * 6H 2 O (Sigma-Aldrich) at 20°C with gentle shaking (150 rpm). A growth curve was established by measuring optical density at 600 nm (OD 600nm ) using a Hitachi U-1100 spectrophotometer. Bacteria in the exponential growth phase were harvested at OD 600nm between 1.5 and 1.8 and diluted to an OD 600nm of 0.2 using L-15+ and left at 20°C with gentle shaking (150 rpm) for a maximum of 1 h until used for challenge of leucocytes.
In vitro infection of macrophages
For analysis of intracellular replication, adherent HKLs 24 h after seeding were exposed to bacteria. Cells were prepared as described above and 1.3 × 10 8 cells were added per well (24-well plate). The growth medium was removed from the wells, and 1 ml of the bacterial suspension (OD 600 = 0.2) was added followed by incubation for 4 h at 12°C. After incubation, extracellular bacteria were removed by washing in L-15+ followed by addition of L-15+ with FBS and subsequent incubation. The bacterial dose used for infection was based upon previous studies (Furevik et al. 2011) . In non-infected controls, only L-15+ medium was added to the wells. After further incubation for 4 or 20 h (later termed 4 and 20 h post infection, hpi), the adherent HKLs were detached by gentle trypsination using 200 µl of a mixture of Trypsin-Versene EDTA (Lonza) and gentle scraping with a bent glass pipette. To remove extracellular bacteria, the cell suspension was placed on top of a cushion consisting of 3 ml phosphate-buffered saline (PBS) pH 7.3, with 3% (w/v) bovine serum albumin (BSA) (Sigma-Aldrich) and 4.5% (w/v) D-glucose as previously described (Chilmonczyk & Monge 1999 , Li et al. 2004 ) and centrifuged at 100 × g (10 min at 4°C). The number of adherent cells per well was 4 × 10 6 (4 hpi) and 3.9 × 10 6 (20 hpi; mean of 4 parallels from each of 4 fish at each sampling). After centrifugation, the cells were resuspended in PBS 380 mOsm to a concentration of 2.5 × 10 6 ml −1
. Cell numbers and viability were analysed using a CASY Cell Counter TM as described earlier.
Intracellular replication of bacteria analysed by flow cytometry
For detection of intracellular bacteria, leucocytes were fixed and permeabilized as previously des cribed (Rønneseth et al. 2012 , Vestvik et al. 2013 ) using a Becton Dickinson (BD) Cytofix/Cytoperm TM Fixation/Permeabilization kit (BD Bioscien ces), which is based on paraformaldehyde (4%) for fixation and saponin for permeabilization. The leucocyte pellet of 1 × 10 6 cells ml −1 per tube was suspended in 50 µl of PBS (380 OsM) to which 500 µl fixative were added. The tubes were incubated for 20 min on ice with gentle cycles using a Grant-bio PS-M3D (Grant Instruments). Following incubation, the cells were centrifuged at 400 × g for 4 min (Beckman GPR Centrifuge), the supernatant was discarded, and the pellet was resuspended in 900 µl of the BD perm/wash solution followed by a second centrifugation at 400 × g for 4 min, decantation of the supernatant and resuspension in 200 µl of the BD perm/wash solution. For the flow cytometry analyses of intracellular bacteria, 250 µl rabbit anti-Francisella noatunensis subsp. noatunensis serum, provided by Dr. Col qu houn at the National Veterinary Institute, Oslo (diluted 1:30 000 in BD perm/wash solution) were added to the suspension, followed by incubation for 1 h on ice at gentle tilting, washing twice in perm/wash solution and resuspension of the pellet in 150 µl Alexa Fluor 647 conjugated goat anti-rabbit antibody (Life Technologies; diluted 1:400 in perm/wash solution). After incubation for 45 min on ice with gentle tilting, followed by 2 washings in perm/wash before resuspending the pellets in 500 µl PBS supplemented with 1% (w/v) BSA and 25 mM EDTA (Sigma-Aldrich; pH =7), the samples were ready for flow cytometry analysis.
For investigation of the effect of flumequine on intracellular bacterial replication, the adherent cells were exposed to bacteria for 4 h at 12°C, after which the supernatant was removed and the cells washed with L-15 medium to remove extracellular bacteria. Flumequine (500 µl, 5 µg ml −1 ) in L-15+ containing 5% FBS was added to each well and incubated in the dark as described previously. The samples were prepared and analysed by flow cytometry as described above after 4 and 20 h of incubation. The concentration of flumequine used was based on results from the in vitro absorption experiment and previously published pharmacokinetic data (Vik-Mo et al. 2005) , giving a post-treatment period with a concentration above MIC of 9 d.
Non-infected cells treated exactly in the same way as Francisella noatunensis-infected cells served as controls. Rabbit pre immune serum was used as the isotype control, and rabbit serum was omitted to test for specific binding of Alexa Fluor goat anti rabbit IgG.
Two parallels were used throughout all analyses, and controls were performed on cells from the same fish as test samples. The threshold for positive cells (infected) was set to be above 1% of non-infected controls to avoid false positives.
Flow cytometry analyses were performed using a BD FACSCalibur (BD Biosciences) flow cytometer equipped with a 635 nm red diode laser, using Cell Quest version 5.2.1 software (BD Biosciences). Cells were analysed for forward and sideward scatter patterns, representing the size and granularity of the cells, respectively, and for red fluorescence (FL4). From each sample, 10 000 cells were recorded. For analyses of data, FCS express 3 software (De Novo Software) was used.
Immunostaining of bacteria within leucocytes for microcopy
Infected leucocytes and non-infected controls were washed 3 times in PBS and fixed in 1 ml of 3.7% (w/v) paraformaldehyde (Sigma-Aldrich), and the cell membrane was permeabilized by 0.1% (v/v) Triton X-100 as described by Furevik et al. (2011) . One ml rabbit-anti-Francisella noatunensis serum (dilu ted 1:30 000 in PBS containing 0.5% w/v BSA) was added to each well and incubated for 1 h at 18°C. Rabbit pre immune serum was used to control for specificity. Infected cells without primary rabbit antiserum were also analysed to verify specificity of the antiserum to the bacteria. The samples were washed 3 times for 5 min in PBS and amended with 1 ml Alexa Fluor ® 555 F(ab') 2 fragment, goat anti-rabbit IgG (Life Technologies) diluted 1:400 in PBS and incubated for 45 min at 18°C. Following 2 rinses (5 min each) in PBS, actin was stained using Alexa Fluor ® 488 phalloidin (Life Technologies). A solution of 5 µl Alexa Fluor ® 488 phalloidin (Molecular probes, Invitrogen) diluted in 200 µl PBS with 1% (w/v) BSA was added and the samples incubated at 18°C for 20 min. Excess phalloidin was removed by washing twice with PBS. The slide preparations were air dried and coverslipped with ProLong Gold antifade containing 4', 5-diamidino-2-phenylindole (DAPI; Life Technologies). For confocal microscopy, 200 µl of a 300 nM DAPI solution were added to each well for nuclear staining. Prior to microscopy, all slides were kept in the dark at 4°C for 12 h.
Microscopy and statistics
Immunostained cell samples were examined using a Zeiss Axioskop 2 plus fluorescence microscope, whereas confocal microscopy was performed at the Molecular Imaging Centre at the University of Bergen using a Zeiss LSM 510 Meta confocal micro-scope. Overlays of images were prepared using Adobe photoshop CS2, version 9.0 (Adobe Systems). Statistical analyses of the data were performed using the program Prism 5 (Graph Pad).
RESULTS
Leucocytes and effect of drug exposure
Based on high % viability of cells (> 94%) and a low aggregation factor (<1.2), the quality of both the isolated and adherent HKLs was classified as very good after 4 and 20 h, even after exposure to the drugs. The scatterplots of cells, with or without drug exposure, show that flumequine had no effect on cell size or granularity (Fig. 1) . The phalloidin staining of the adsorbed drug-exposed cells also verified the quality of the cells as shown for non-infected and infected cells in Fig. 2 .
After addition of flumequine or oxolinic acid (5 and 10 µg ml −1 ), the pH in the cell growth medium was in the range of 7.4 to 7.7 using pH indicator strips and 7.60 to 7.66 using the pH meter.
Concentrations of flumequine and oxolinic acid
In the drug-free samples of leucocytes, plasma and HK, no interfering peaks were seen in the area of the HPLC chromatogram in which the drugs should appear. The standard curves were linear over the range studied, with r 2 = 0.996 and 0.999, respectively, for oxolinic acid and flumequine as shown in Fig. 3A ,B for adherent leucocytes. The uptake of oxolinic acid and flumequine in HK adherent leucocytes over time is shown in Fig. 3C −F. For both drugs, the uptake was rapid, with high intracellular concentrations after 0.5 h of exposure followed by a drop at 1 h and then moving towards concentrations similar After in vivo administration, drug concentrations were measured in HK tissue and serum samples from At lantic cod. Based on 15 parallels for each drug, we calculated HK/plas ma ratios of 1.15 and 1.40, res pectively, for flumequine and oxo linic acid.
Bacterial replication in HKLs after exposure to drugs
The flow cytometry analyses of intracellular replication of Francisella noatunensis subsp. noatunensis were performed 4 and 20 hpi. The results show the number of infected cells in (Fig. 4C,D) . After 20 h, the corresponding values were 17.3% with and 13.4% without flumequine (Fig. 4G,H) . The intracellular replication is shown both by the increased fluorescence intensity and in scatterplots at 20 hpi. The infected cells were still the large granular cells, and the number of infected cells had increased in samples both with and without flumequine. The proportion of infected cells (mean value calculated from 4 fish) at 4 hpi was 7.9 and 8.3% with and without flumequine, respectively. At 20 hpi, 10.2 and 10.3% of cells were infected with and without flumequine, res pectively. At 20 hpi, higher individual values were found compared with 4 hpi (Fig. 5) . The mean and SD also show that individual variations were present, and on an individual level, the differences shown in the scatterplots are representative (Fig. 4) . Photos of the micro scopy slides of noninfected cells and infected cells are shown in Fig. 2 , and confocal sections confirm the intracellular existence of the bacteria (Fig. 2B) .
DISCUSSION
In this study we examined the cellular uptake of flumequine and oxolinic acid using HPLC and studied the antibacterial activity of flumequine against Francisella noatunensis subsp. noatunensis within Atlantic cod macrophages using flow cytometry for detection of intracellular bacteria. We found that even intracellular concentrations of flumequine well above MIC did not prevent replication of the bacterium.
The intracellular pharmacodynamics in fish leucocytes or other fish cell types has not yet been described for drugs used in aquaculture. However, disease challenges caused by various intracellular fish pathogenic bacteria like Francisella noatunensis, Renibacterium salmoninarum and Piscirickettsia salmonis (Gutenberger et al. 1997 , Fryer & Hedrick 2003 , Birkbeck et al. 2011 ) make such analyses highly relevant in order to develop effective treatment strategies.
We found that the uptake of both drugs was rapid in leucocytes, and during the experimental period of 4 h, the concentration of oxolinic acid and flumequine moved towards equilibrium with the external concentration in the media. This is consistent with passive diffusion as the main mechanism for uptake. However, the high concentrations obtained after 0.5 h especially for flumequine as shown in Fig. 3 indicate that other mechanisms such as pinocytosis may be involved and may be dominant early in the absorption process. Consequently, when equilibrium has been reached, one might predict that the concentration in leucocytes will be reflected by the external concentration of flumequine and oxolinic acid in the surrounding fluid or organ. In general, fluoroquinolones have a fast in-and outflux of cells, which our results confirm, although a much higher intracellular accumulation, 7-and 8-fold at equilibrium, has been described for ciprofloxacin and moxifloxacin, respectively, in human macrophages (Carryn et al. 2003 ). The differences concerning intra-versus extracellular concentrations may reflect both differences between human and Atlantic cod macrophages and pharmacokinetic differences between quinolones.
Our analyses were performed using plastic adherent leucocytes from HK of Atlantic cod, and most of these cells are likely monocytes/macrophages, but we cannot exclude that other cell types are present since we lacked cell-specific markers. Our study showed that the bacterium infected and replicated well within these cells, and the results concerning the infection pattern were in full accordance with earlier findings where intracellular bacteria were dispersed in the cytosol 24 hpi and intracellular replication was shown (Furevik et al. 2011 , Vestvik et al. 2013 .
The initial number of leucocytes added to the wells was constant. However, since the number of leucocytes that adhered was not measured, this can vary to some extent due to individual variations and may be a factor that contributes to the variation seen between parallel samples in Fig. 3 . Flumequine and oxolinic acid have pKa values of 6.65 and 6.78, respectively (Jimenez-Lozano et al. 2002) , whereas the pH in the external medium was measured to be in the range of 7.60 to 7.66. In Atlantic cod plasma, the pH is approximately 7.4. We can therefore conclude that although the major part of the drugs was in an ionic form, a satisfactory uptake to leucocytes occurred.
Leucocytes are present in blood, but the organ with the highest density of leucocytes in Atlantic cod is the HK. Pharmacokinetic data exist for oxolinic acid and flumequine in plasma but not in HK. In this study, an HK/plasma ratio of 1.16 for flumequine and 1.40 for oxolinic acid were found 48 h following in vivo administration. If accepting the assumption that the HK/plasma ratio is reasonably constant over time, our results indicate that a higher drug concentration may be present in HKLs compared to plasma, and therefore, based on the theoretical assessments by Isachsen et al. (2012) , therapeutic effects using daily doses of at least 15 and 25 mg kg −1 for flumequine and oxolinic acid, respectively, should be likely. However, when the effect of 5 µg ml −1 flumequine on survival and replication activity of Francisella noatunensis subsp. noatunensis within adherent HKLs was analysed by flow cytometry, the results showed no significant difference in the number of infected cells in samples with and without flumequine after 4 and 20 h (Fig. 5) . Since F. noatunensis subsp. noatunensis is slow growing, sampling later than 20 h could perhaps have revealed a better effect of the drug, but as the flow cytometry analyses showed similar intracellular bacterial replication within leucocytes with and without flumequine, the lack of effect of the drug may have other reasons.
There is a consensus that fluoroquinolones are effective in treatment of various bacterial infections caused by both obligate and facultative intracellular organisms (Carryn et al. 2003) . However, Carryn et al. (2002) also observed a decrease in intracellular bactericidal activity especially of ciprofloxacin and to a lesser extent of moxifloxacin against Listeria monocytogenes. The mechanisms are unknown, but comparable results have been observed for other bacteria like Staphylococcus aureus and Chlamydia spp. (Carryn et al. 2003) . A similar deactivation may be the reason for the lack of activity of flumequine seen in our study despite a favourable MIC and high intracellular concentration. Our findings that flumequine had no effect on intracellular replication are supported by the findings of Soto et al. (2010 Soto et al. ( , 2013 , who showed that treatment with florfenicol reduced mortality and prevented lethal disease caused by Francisella noatunensis subsp. orientalis in Nile tilapia Oreochromis niloticus L. but did not eradicate the bacteria. Only a reduction in the number of bacteria in infected HK macrophages using 10 or 100 µg florfenicol per ml of cell culture medium were described. The methods used by Soto et al. (2010 Soto et al. ( , 2013 differed from ours, and the intracellular concentrations in macrophages were determined using indirect methods. The advantage of the methods used in the present study is that there is a high accuracy in the measurements and the concentration of drugs and replication of the bacterium are performed directly on the target cells where F. noatunensis subsp. noatunensis hide, reside and replicate (Furevik et al. 2011 , Vestvik et al. 2013 . Such analyses are highly relevant, particularly for bacteria that are not obligate pathogens and where a moderate or transient effect of antibacterial treatment is observed. Flow cytometry allows accurate registrations, and this method is especially valuable when the bacteria are very small and slow growing or may aggregate in suspension.
In this study, we have shown that by applying techniques such as HPLC it is possible to measure the concentration of drugs within isolated cells like leucocytes. By combining such data with pharmacokinetic analyses and the degree of infection of bacteria within cells and intracellular bacterial replication over time using flow cytometry, it may be possible to design future therapy of intracellular bacteria by confirming intracellular efficacy. 
